| L-Ascorbic acid (AsA, vitamin C) is an essential antioxidant for plants and animals. There are four known ascorbate biosynthetic pathways in plants: the L-galactose, L-gulose, D-galacturonate, and myoinositol routes. These pathways converge into two AsA precursors: L-galactono-1,4-lactone and L-gulono-1,4lactone (L-GulL). This work focuses on the study of L-gulono-1,4-lactone oxidase (GulLO), the enzyme that works at the intersect of the gulose and inositol pathways. Previous studies have shown that feeding L-gulono-1,4-lactone to multiple plants leads to increased AsA. There are also reports showing GulLO activity in plants.
INTRODUCTION
L-Ascorbic acid (ascorbate, AsA), besides being the vitamin that prevents scurvy, has multiple applications as a therapeutic for human health in the treatment of common cold, wound healing, and cancer among other illnesses [1] . We cannot synthesize vitamin C on our own because of the lack of a functional L-gulono-1,4-lactone oxidase (GulLO), the terminal enzyme in the pathway [2] , therefore we need to acquire this vitamin from fresh fruits and vegetables.
Ascorbate is a primary metabolite in plants, which possesses many functions. It is one of the most abundant molecules in green leaves and represents 10% of the total soluble carbohydrate pool in favorable conditions. Ascorbate efficiently scavenges free radicals and other reactive oxygen species formed during normal metabolism [3] . The roles of AsA in plants are diverse including being an antioxidant and being involved in the defense against ozone, sulphur dioxide and UV-B radiation [4] . Ascorbate also modulates cell growth, cell division, cell elongation and tolerance to stresses [3, 5] .
Metabolic engineering attempts to increase AsA in plants have resulted in limited success [6] partly due to an incomplete understanding of the AsA metabolic network. Plants appear to have multiple biosynthetic pathways for AsA. The first one was reported in 1998 [7] to proceed from GDP-D-mannose, GDP-Lgalactose, L-galactose (L-Gal) and L-galactono-1,4lactone (L-GalL). The operation of this pathway has been confirmed in multiple plant species. A second pathway uses a D-galacturonate reductase to convert D-galacturonate to AsA as demonstrated in strawberry [8] . The immediate precursor in these two pathways is L-GalL, which is oxidized to AsA via L-galactono-1,4-lactone dehydrogenase (GLDH; Figure 1 ). A third pathway was proposed to proceed from L-gulose (L-Gul), an epimerization product of GDP-D-mannose-3′,5′-epimerase (GME), in addition to L-Gal. GME co-purified with a heat shock protein suggesting the operation of this pathway under stress [9] . Lorence et al. [10] proposed a fourth pathway by RESEARCH ARTICLES REACTIVE OXYGEN SPECIES | aimsci.com/ros 391 VOLUME 4 | ISSUE 12 | NOVEMBER 2017 ©2017 AIMSCI Inc. All Rights Reserved.
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showing that myo-inositol (MI) can also be channeled towards the production of AsA by overexpressing a myo-inositol oxygenase (MIOX) gene in Arabidopsis thaliana. A purple acid phosphatase, AtPAP15 supplying MI to this pathway further supports the operation of the MI route in plants [11] . Myo-inositol must undergo four intermediate steps to become AsA in plants and the proposed enzymes for these steps are: MIOX, D-glucuronate reductase (GlcUR), gulonolactonase (GNL) and L-gulono-1,4lactone oxidase (GulLO).
The enzyme, GulLO, is well characterized in animals, fungi, bacteria, and protozoa [12] [13] [14] [15] . Substrate specificity is one of the interesting properties of GulLO when compared to the last enzyme of the L-Gal pathway, L-galactono-1,4-lactone dehydrogenase (GLDH). Rat GulLO (RnGulLO) can use both L-GalL and L-gulono-1,4-lactone (L-GulL) as substrates [12, 13, 15] , while plant GLDHs are very specific to L-GalL and have limited activity or none towards L-GulL [16] [17] [18] [19] [20] . An increase in AsA content was observed by the overexpression of RnGulLO in tobacco [21] , potato [22] , tomato [23] and Arabidopsis [24] , whereas no increased AsA was observed in tobacco when GLDH was overexpressed [25] . This suggests that the flux through L-GulL can also be used to increase AsA in plants irrespective of the availability of the L-GalL pool.
The conversion of L-GulL to AsA (terminal step in both the gulose and inositol pathways; Figure 1 ) has been observed by multiple researchers in different plant species. This conversion, however, is less efficient than the one of L-GalL to AsA [9, 21, [25] [26] [27] [28] [29] [30] [31] . Scarce information is available about the enzyme responsible for this reaction in plants. On the other hand, information about GLDH, the enzyme that is specific for L-GalL is abundant. Plant GLDHs are highly specific to L-GalL [16] [17] [18] [19] 32] or at least have high catalytic efficiency to L-GalL [20, 33] . Although it could be speculated that the observed slow utilization of L-GulL versus L-GalL in different plant species is due to the marginal activity of GLDH towards L-GulL, multiple authors [9, 20, 29] have predicted the existence of a GulLO enzyme. Baig et 
al. [28] predicted that this enzyme would be specific to L-GulL. GulLO enzyme activity has been detected in hypocotyl homogenates of kidney beans [31] , cytosolic and mitochondrial fractions of Arabidopsis cell cultures [29] , and potato tubers [9, 33] but no enzyme has been characterized in detail to date. In an experiment by Maruta et al. [34] , tobacco BY-2 cell cultures over-expressing three putative Arabidopsis GulLOs (AtGulLO2, 3 and 5) increased AsA after L-GulL feeding. However, the specificity of these enzymes between L-GulL and L-GalL was not characterized and their biochemical properties were not studied.
Here we describe the characterization of two At-GulLO members, AtGulLO3 and AtGulLO5. We report for the first time, the characterization of a recombinant AtGulLO5 (At2g46740), transiently expressed in N. benthamiana, and demonstrate its activity to convert L-GulL to AsA. The enzyme is a dehydrogenase with an absolute specificity for L-GulL thus differing from the existing plant GLDHs (specific to L-GalL) or mammalian GulLOs. We also found that AtGulLO5 has a low catalytic efficiency in comparison to similar isozymes. We propose that in planta this enzyme may need an effector molecule to increase its efficiency post-transcriptionally. Another member of the AtGulLO family, AtGulLO3 (At5g11540), may also be post-transcriptionally regulated in a different mechanism than AtGulLO5, i.e., by rapid protein turnover. These findings led us to propose that AsA synthesis via L-GulL in plants is regulated at the post-transcriptional level by limited GulLO enzyme availability. This phenomenon offers an explanation for the previously observed slow utilization of L-GulL versus L-GalL in different plant species, which is also discussed herein.
MATERIALS AND METHODS

Chemicals
L-Gulono-1,4-lactone, D-gluconic acid-γ-lactone, cytochrome C from equine heart, flavin adenine dinucleotide (FAD), reduced glutathione, metaphosphoric acid and ascorbate oxidase were purchased from Sigma-Aldrich (St. Louis, MO, USA). Dithiothrietol (DTT), 2-(N-morpholino) ethane sulfonic acid (MES), Tris, NaCl, glycine, sodium dodecyl sulfate (SDS), and glycerol were purchased from Fisher Scientific (Fair Lawn, NJ, USA). Ethylenediaminetetraacetic acid (EDTA) was acquired from Promega (Madison, WI, USA). D-Galactono-1,4lactone was purchased from Carbomer (San Diego, CA, USA). L-Galactono-1,4-lactone was from Santa Cruz Biotechnology (Dallas, TX, USA) and Lgalactose was from TCI America (Portland, OR, USA).
Plant Materials and Growth Conditions
Arabidopsis thaliana var. Columbia (Col-0, stock CS-60000), SALK 036899, and SALK 008089 seeds were obtained from the Arabidopsis Biological Resource Center (ABRC, Columbus, OH, USA). After sterilizing with 50% bleach, seeds were planted on petri plates containing solidified Murashige and Skoog (MS) media [35] and 50 mg/l kanamycin for transgenic or SALK lines. The plates were vernalized for 3 days at 4 o C and placed in a growth chamber for 7 days with the following conditions: 23 o C constant temperature, 65% relative humidity, 150 µmol m -2 s -1 light intensity, and 16:8 h photoperiod. Robust seedlings were transferred to 5 × 5 cm pots containing Arabidopsis Growth Medium (Lehle Seeds, Round Rock, TX, USA) and incubated in the same growth chamber. Plants at developmental stage 5.1 [36] were used to collect rosette leaves. After harvesting, the tissue was frozen immediately in liquid nitrogen, and stored at -80 o C until analysis. To do substrate feeding assays, A. thaliana plants were grown in the same way as described above except the photoperiod was 12:12 h and rosette leaves were from plants at developmental stage 5.1 [36] .
Nicotiana benthamiana seeds were obtained from Dr. Sue Tolin (Department of Plant Pathology, Physiology and Weed Science, Virginia Polytechnic Institute and State University, Blacksburg, VA, USA) and grown as previously described [37] . Approximately, 2 to 3 N. benthamiana seeds were sown in 12 cm square pots containing Pro-mix BX soil (Premier Horticulture, Canada) and were fertilized with Osmocote 14-14-14 (Scotts, Canada). Vermiculite was overlaid on top of the seeds. Pots were watered and covered with a dome until ~3 weeks at which time the domes were gradually vented over a 2-3-day period. The plants were grown in a growth chamber with the following conditions: 25 
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Ascorbate Measurements
Baseline AsA content of untransformed N. benthamiana plants was determined by collecting all healthy leaves from 6-week old plants and measuring reduced, oxidized, and total AsA content. Whole leaves were cut without the petiole, weighed, flash frozen in liquid nitrogen and stored at -80 o C until analysis. Samples were taken at 10:00 am, 1-2 h after the lights in the growth chamber go on. Reduced, oxidized and total AsA were measured using an enzyme-based spectrophotometric method as previously described [10] . Briefly plant tissue (frozen or fresh) was pulverized in liquid nitrogen and 6% (w/v) metaphosphoric acid (MPA) was added to a ratio of 60 mg tissue: 750 µl MPA. The homogenate was centrifuged at 13,000 × g for 15 min and the supernatant was used for AsA measurement. Total AsA is the sum of reduced and oxidized ascorbic acid measured individually. Reduced AsA was measured, in a 1 mL reaction mixture containing 100 mM po-tassium phosphate buffer pH 6.9 and 50 µl of plant extract, by recording the decrease in absorbance at 265 nm for 1 min after the addition of 1 µl ascorbate oxidase (Sigma). Oxidized AsA was measured by recording the absorbance at 265 nm, before and 20 min after the addition of 1 µl 200 mM DTT to a 1 mL reaction mixture. An extinction coefficient of 14.3 mM -1 cm -1 was used for calculations. Ascorbate values are the mean of at least 5 biological replicates measured in duplicate and are reported as µmol per gram fresh weight (FW).
GulLO Constructs in the pBIB-Kan Binary Vector
To make AtGulLO3 constructs, template cDNA was synthesized by reverse transcribing 1 µg of RNA with oligo-dT primers by LongRange reverse transcriptase (Qiagen, Valencia, CA, USA). Total RNA was isolated-from a pool of A. thaliana rosette and cauline leaves, siliques, flowers, and roots-using 
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the RNeasy® plant mini kit following the manufacturer's protocol (Qiagen). In order to amplify At-GulLO3 and AtGulLO3-6xHIS (Figure 4A and B) , the following PCR conditions were used with PrimeSTAR TM HS DNA polymerase (Takara, Madison, WI): an initial denaturation of 94 o C for 30 s was followed by 35 cycles. Each cycle consisted of 98 o C for 10 s, 53 o C for 15 s and 72 o C for 2 min. The PCR was completed with a final extension of 72 o C for 5 min. Primers for PCR amplification were synthesized at Invitrogen (Carlsbad, CA, USA) and their sequences are presented in Table 1 . Primer pairs for AtGulLO3 were AtGulLO3_F and AtGulLO3_R. For AtGulLO3-6xHIS, they were AtGulLO3_F and At-GulLO3-6xHIS_R.
To make AtGulLO5 constructs, template cDNA was synthesized as mentioned above using the roots of A. thaliana seedlings. The PCR conditions to amplify AtGulLO5 and AtGulLO5-6xHIS were: 98 o C for 10 s, Table 1 .
PCR products were purified using the QIAquick PCR purification kit by following the manufacturer's protocol (Qiagen). Purified PCR products were digested with KpnI and SacI (Promega) overnight at 37 o C. A modified binary vector, pBIB-Kan [38] was also digested as above, in parallel. The digested PCR products and vector were purified and ligated at 16 o C overnight and transformed to E. coli NEB 10-b cells for AtGulLO5-EK-6xHIS construct or DH5α for At-GulLO3, AtGulLO3-6xHIS, AtGulLO5, and At-GulLO5-6xHIS constructs. Successful clones were screened by extraction and restriction digestion of plasmid DNA. Positive clones were sequenced at the University of Chicago DNA sequencing and geno-typing facility. Binary vectors carrying the gene constructs were transformed into Agrobacterium tumefaciens strain LBA 4404 (for transforming N. benthamiana) or GV3101 (for transforming A. thaliana) by the freeze-thaw method.
The RnGulLO cDNA was amplified from the binary vector pBIN19 carrying the RnGulLO cDNA [21] using pfu DNA polymerase (Agilent Technologies, Santa Clara, CA, USA) and the following PCR conditions: an initial denaturation step at 94 o C for 5 min followed by 35 cycles of each denaturation at 94 o C for 1 min, annealing at 60 o C for 1 min and extension at 72 o C for 90 s. The final extension was at 72 o C for 10 min. The primer pairs, RnGulLO_F and RnGulLO-6xHIS_R ( Table 1) were used to add a poly HIS tail to the 3' end of the cDNA. The PCR product was purified using a gel purification kit (Qiagen). Poly 'A' overhangs were added by Taq polymerase (Promega) to the PCR product. Ligation to the pDrive cloning vector (Qiagen) and transformation into E. coli JM109 (Promega) cells were done as mentioned above. After verifying the sequence of positive clones, the RnGulLO fragment was digested with KpnI and SacI and ligated to the linearized pBIB-Kan vector to generate the RnGulLO-6xHIS construct illustrated in Figure 4B . Successful clones were sequenced and transformed into A. tumefaciens strain LBA 4404 to transform N. benthamiana.
Transient Expression of Recombinant AtGulLO5 in N. benthamiana
Four to six weeks old N. benthamiana plants were grown as previously described [37] and vacuum infiltrated with A. tumefaciens carrying the GulLO constructs. Optimal expression time was experimentally determined by collecting and analyzing consistently the third leaf from the top of the plant 24, 48, 72 and 96 h post-infiltration. In all subsequent experiments, all healthy-looking leaves were collected 48 h post-infiltration, frozen immediately in liquid nitrogen and stored at -80 o C until further processing.
Purification of Recombinant AtGulLO5-EK-6xHIS
Recombinant AtGulLO5-EK-6xHIS was purified from N. benthamiana leaves by a two-step purification procedure involving cation exchange and nickel 
ROS
affinity chromatography (Figure 6) . Protein preparations were made fresh for individual experiments. Briefly, leaf tissue was pulverized in liquid nitrogen and proteins were extracted in 20 mM Tris-HCl pH 8.0, 0.6% v/v protease inhibitor cocktail (Sigma-Aldrich), 1 mM DTT (Buffer A). The supernatant obtained after centrifugation was exchanged to 20 mM MES-NaOH pH 6.0, 5 mM reduced glutathione (Buffer B) in a 10-DG desalting column (Bio-Rad, Hercules, CA, USA). This fraction was then loaded onto a cation exchanger, UNOSphere S Support (Bio-Rad) and washed with Buffer B containing 50 mM NaCl (Buffer C). The basic proteins were then eluted with Buffer B containing 500 mM NaCl (Buffer D) and exchanged to 50 mM sodium phosphate pH 7.4, 300 mM NaCl, 40 mM imidazole, 0.1 mM DTT (Buffer E) and loaded to a nickel affinity column (HIS60 Ni Superflow; Clontech, CA, USA). The column was washed with Buffer E and the bound proteins were eluted with Buffer E containing 300 mM imidazole (Buffer F). The eluate from the nickel column was concentrated and exchanged to 20 mM Tris-HCl pH 8.0, 50 mM NaCl, 20 mM CaCl2 (Buffer G) using an AMICON® ultra centrifugal filter (Millipore, Billerica, MA, USA). Total soluble protein concentration was estimated by the Bradford method [39] using Coomassie G-250 dye and bovine serum albumin (Thermo Sci., Rockford, IL, USA) as a standard. Protein fractions from purification procedure were separated by SDS-PAGE and were silver stained using Pierce® Silver Stain Kit according to manufacturer's protocol (Thermo Sci.).
Enterokinase Cleavage of 6xHIS from AtGulLO5-EK-6xHIS
Two hundred µg of purified protein were digested at 23 o C for 16 h in a 500 µl final volume of Buffer G with 20 units of recombinant enterokinase (New England Biolabs, Ipswich, MA, USA). One unit of enterokinase is defined as the amount of protein needed to digest 25 µg of an MBP fusion protein (test substrate, New England Biolabs) to 95% completion in 16 h or less at 25°C.
GulL Dehydrogenase and Oxidase Activity Assays
L-Gulono-1,4-lactone dehydrogenase activity was measured by following the reduction of cytochrome C at 550 nm at 25 o C as previously described [33] . One mL of the reaction contained 50 mM Tris-HCl pH 8.0, 121 µM cytochrome C, 50 mM L-GulL (unless specified), 100 µM FAD, and an aliquot of the purified enzyme. A parallel incubation with equal amount of boiled enzyme was carried out as control and any background is subtracted to get activity units. One unit was defined as 1 µmol of AsA produced per min, which is equivalent to 2 µmol of cytochrome C reduced. An extinction coefficient of 17.3 mM -1 cm -1 for cytochrome C was used for enzyme activity calculations. For the enzyme kinetics experiment, individual reactions were monitored for 15 min in an Evolution 300 spectrophotometer (Thermo Scientific) and the initial rates were calculated using the VISIONPro software by the chord method. Enzyme kinetic analysis was performed in the SigmaPlot® 11.2 software (San Jose, CA, USA).
L-Gulono-1,4-lactone oxidase activity was measured as described [40] with slight modifications. The reaction mixture contained 50 mM Tris-HCl pH 8.0 buffer, 50 mM reduced glutathione, 200 mM L-GulL and the reaction was initiated by adding an aliquot of the purified enzyme to a final volume of 1 mL and incubated at 37 o C for 20 min. The above reaction was stopped by adding 0.1 mL of 50% TCA, incubated in ice for 20 min, centrifuged at 13,000 x g for 15 min and the supernatant was analyzed by HPLC to detect AsA. A Luna 5 µm HILIC 200Å column with dimension 150 x 4.6 mm (Phenomenex, Torrance, CA, USA) was used. The column was connected to a Dionex Ultimate 3000 system equipped with a photo diode array detector. The mobile phase had 100 mM ammonium acetate, pH 5.8 (5%) for the full 15 min run at 25 o C. Initial conditions were for 2.5 min: 90% acetonitrile and 5% water. In the next 5 min, the percentage of water was gradually increased from 5 to 45 in a gradient and the percentage of acetonitrile was decreased from 90 to 50. These conditions were kept constant for 0.5 min. In the next 1 min, initial conditions were restored and the column was equilibrated for 6 min.
A. thaliana Transgenic Plant Generation
To generate transgenic A. thaliana plants, transformation was done with A. tumefaciens strain GV3101 carrying the AtGulLO3 or AtGulLO5 constructs by the floral dip method [41] . Putative transformants were obtained by selecting seedlings on MS plates 
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containing 500 mg/L carbenicillin and 50 mg/L kanamycin. Primary transformants were screened for the presence of the transgene and the kanamycin resistance gene (nptII) by PCR. Foliar AsA content was measured in rosette leaves of the primary transformants at the developmental stage 6.9 [36] . The progeny-T2 (for AtGulLO5) or T3 (for AtGulLO3) -was used for AsA measurement, substrate feeding assays, transgene expression, and protein expression verification.
Analysis of A. thaliana Transgenic Status by PCR and RT-PCR
PCR was performed to verify the presence of the transgene and kanamycin resistance gene (nptII) in A. thaliana putative transgenic lines with GoTaq polymerase (Promega). Genomic DNA was extracted from leaves of the putative transgenic plants and used. The PCR conditions to amplify full length At-GulLO3-6xHIS or AtGulLO5-6xHIS transgene were as follows: initial denaturation at 94 o C for 3 min followed by 94 o C for 30 s, 53 o C for 1 min, 72 o C for 2 min; 30 cycles and a final denaturation at 72 o C for 5 min. The primer sequences were TEV and At-GulLO3-6xHIS_R for AtGulLO3-6xHIS or TEV and AtGulLO5-6xHIS_R to amplify AtGulLO5-6xHIS ( Table 1 ). The following PCR conditions were used for the amplification of nptII gene. The initial denaturation was for 3 min at 94 o C, followed by 35 cycles of 94 o C for 30 s, 50 o C for 1 min and 72 o C for 45 s and a final extension step at 72 o C for 5 min. The primer sequences used were nptII_F and nptII_R ( Table 1) .
Expression of the AtGulLO3-6xHIS transgene in A. thaliana was also verified by RT-PCR by purifying total RNA from two individual plants for each line using an RNeasy® plant mini kit (Qiagen). RNA from the two plants belonging to the same line was pooled. The iScript cDNA synthesis kit (Bio-Rad) was used to synthesize the first strand cDNA from 1 µg of RNA using a mix of oligo-dT and random hexamer primers included in the kit. The reference gene, elongation factor (EF1α-A), and AtGulLO3-6xHIS were amplified using GoTaq Mastermix (Promega) by PCR with the following conditions as: Initial denaturation was at 94 o C for 4 min followed by 35 cycles of 94 o C for 30 s, 56 o C for 1 min, 72 o C for 30 s. No final extension was done. The primer pairs for AtGulLO3 were AtGulLO3-RT_F and AtGulLO3-RT_R; for EF1α-A, they were EF1α-A_F and EF1α-A_R. The primer sequences are presented in Table 1 .
Total Protein Extraction, SDS-PAGE, and Western Blotting
To determine recombinant AtGulLO3-6xHIS or At-GulLO5-6xHIS protein expression levels, total protein was extracted from N. benthamiana or A. thaliana leaves. Tissue was pulverized in liquid nitrogen and protein was solubilized in extraction buffer (150 mM Tris-HCl pH 6.8, 30% glycerol, 6% SDS, 5 mM EDTA pH 8.0) at a ratio of 1 g tissue per 2 mL extraction buffer. After centrifuging the homogenate at 13,000 x g for 15 min, the supernatant containing total protein was recovered. To separate protein samples by SDS-PAGE, 6.5 µl of total protein were mixed with 2.5 µl SDS-loading buffer and 1 µl DTT (500 mM), boiled for 10 min at 70 o C and separated by SDS-PAGE on 10% precast minigels with a Tris-MOPS buffer system (Expedeon, San Diego, CA). For Western blot, SDS-PAGE separated proteins were transferred electrophoretically to nitrocellulose membrane in transblotting buffer (25 mM Tris base, 192 mM glycine and 20% methanol). Recombinant AtGulLO3-6xHIS or AtGulLO5-6xHIS was detected by α-HIS-AP antibody at a 1:2,000 dilution (Invitrogen, Carlsbad, CA, USA) and CDPstar, a chemiluminescent substrate for alkaline phosphatase (Roche Diagnostics, Indianapolis, IN, USA).
Substrate Feeding via Petiole in N. benthamiana and A. thaliana
The substrate, L-GulL (50 mM), was freshly prepared by dissolving it in double-distilled water and aliquoted in 1.5 ml microfuge tubes. Second and third leaves from the top of 6-weeks old N. benthamiana plants 48 h post-infiltration with test constructs, empty vector, or untransformed, were cut from the stem and the petiole was immersed in the microfuge tubes containing either the substrate or water as control. Leaves were incubated at 25 o C for 8 h (10:00 am to 6:00 pm) in continuous light (150 µmol m -2 s -1 ) and whole leaves without petiole were weighed, frozen in liquid nitrogen and stored at -80 o C until analysis. For substrate feeding assays in A. thaliana, leaves of plants at developmental stage 5.1 [36] were cut and the petiole was immersed in the freshly pre- 
Statistical Analysis
All data was analyzed by one-way ANOVA at a confidence interval of 95% using the Minitab® 16.1.1 software (State College, PA, USA).
RESULTS
Phylogenetic Analysis and Expression Patterns of Putative AtGulLOs and AtGLDH
To find putative GulLOs in the Arabidopsis genome, a BLASTP search was done against the Arabidopsis protein database (www.arabidopsis.org) using the well characterized Rattus norvegicus GulLO's (RnGulLO) sequence as query. BLASTP result revealed the presence of seven candidates in Arabidopsis, and they were designated as AtGulLO1 to 
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AtGulLO7 according to Maruta et al. [34] (Figure  2) . GulLO belongs to the family of aldonolactone oxidoreductases. The similarity of amino acids among the AtGulLOs is between 22 and 28% to RnGulLO. A high similarity of the protein sequences is not found between the terminal enzymes in AsA biosynthesis among cross-species [15] . However, conserved features in this family of enzymes were found, such as an N-terminus flavin adenine dinucleotide (FAD)-binding domain (Pfam Id: 01565) and an arabinono lactone oxidase (ALO) catalytic domain (Pfam Id: 04030). The sequences of these domains were identified in all the candidate proteins by doing a BLAST search in conserved domains of Pubmed. The only exception to this was AtGulLO7 that does not have an N-terminus FAD binding domain. Further, these domains were also present in GLDHs characterized from some selected plant species (Figure 2A) . The domain sequences were individually compared to that of RnGulLO using bl2seq to get a similarity score. The similarity of ALO domains is 20-33% to RnGulLO and that of FAD binding domains to RnGulLO is 28-36% (Figure 2A) . An uncharacterized plant specific FAD-dependent oxidoreductase domain (TIGR01677) was found in all the putative GulLO candidates during the conserved domain search.
Phylogenetic analysis was conducted in MEGA5 for AtGulLOs, RnGulLO and GLDHs using a maximum likelihood method for similarity of the protein 
sequences based on the JTT matrix-based model. The analysis showed that most AtGulLOs and GLDHs form two separate clades except AtGulLO3. RnGulLO and AtGulLO3 (At5g11540) lie close to each other and they are separated from the AtGulLO and GLDH clades (Figure 2B) . Based on this, we speculated that AtGulLO3 may have a similar function as RnGulLO and AtGulLO3 was chosen for further study.
Further, two independent Arabidopsis T-DNA insertion lines (SALK 036899 and SALK 008089) were obtained from the ABRC SALK collection, to evaluate the involvement of AtGulLO3 in AsA biosynthesis. In a segregated population of the two SALK lines, after selection on media containing kanamycin, AsA content was measured. The foliar AsA content of these putative knockouts was ~20% lower compared to wild type control plants (data not shown). This further supported the potential involvement of AtGulLO3 in AsA synthesis.
Next, we performed a search at Genevestigator [42] to learn more about the expression pattern of these putative GulLOs. High abundance of AtGulLO transcripts is found during the early developmental stages of A. thaliana (Supplemental Figure 1 ) and in roots (Supplemental Figure 2) . Unlike AtGLDH, the expressions of many AtGulLOs seem to be inducible (Supplemental Figure 3) . Among all the At-GulLO candidates, AtGulLO5 was of particular interest because of it being more strongly inducible than any other AtGulLO (Supplemental Figure 3B) , high abundance in roots (Supplemental Figure 2 ) and its specific expression during the early developmental stages of A. thaliana (Supplemental Figure  1) . Roots are the very organs that are exposed to various biotic and abiotic stresses and increased AsA content in plants is known to exhibit tolerance to abiotic stress. Maruta et al. [34] demonstrated in vivo the oxidation of L-GulL to AsA by three AtGulLOs including AtGulLO5 in BY-2 cell suspension cultures. These facts lead us to choose AtGulLO5 for further characterization.
Multiple sequence alignments were performed with AtGulLOs and well characterized aldonolactone oxidoreductases one from each of animals, fungi, protozoa, bacteria and plants using the ClustalW algorithm (Figure 3) followed by manual adjustment. All AtGulLO members except AtGulLO7 share high similarity among each other. We found significant similarity in the N termini and C termini of At-GulLOs and other GulLOs (Figure 3 ). An N terminus FAD-binding domain and residues that interact with parts of FAD molecule are conserved in all At-GulLOs including AtGulLO3 and AtGulLO5 (Figure 3) . Aldonolactone oxidoreductases belong to the vanillyl alcohol oxidase (VAO) family and FAD binds to a histidine in the C terminus of VAO, the only protein known to have a crystal structure in this family [43] . This histidine is conserved in the 
HWXK motif in the C termini of all aldonolactone oxidoreductases [15] , including AtGulLO3 and At-GulLO5 (Figure 3) . A cysteine residue known to interact with thiol groups is also conserved in AtGulLO3 and AtGulLO5 (Figure 3) .
Purification and Characterization of Recombinant AtGulLO5 Transiently Expressed in N. benthamiana
To characterize AtGulLO5, we tested the enzyme activity in vitro. First, the recombinant expression of 
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AtGulLO3-6xHIS and AtGulLO5-6xHIS proteins were confirmed by Western blot in N. benthamiana leaf samples collected 24, 48, 72 and 96 h postinfiltration. The time at which the protein is best expressed was found to be 48 h and this time point was used in all subsequent experiments (Figure 5) .
The AtGulLO5 enzyme has 590 amino acids with a theoretical mass of 65 kDa and a pI of 8.2. It has at least one transmembrane domain as predicted [44] . AtGulLO5-EK-6xHIS ( Figure 4C ) was transiently expressed in N. benthamiana leaves for 48 h and was next purified by a two-step purification strategy as outlined (Figure 6A) . The recombinant protein was almost completely extracted from leaf tissue in buffer with pH 8.0 consistent with the report that it is a cell -wall associated protein ([our unpublished ROS observation and Ref. [44] ). The final purified protein yielded a single band in SDS-PAGE followed by silver stain analysis (Figure 6B) .
Recombinant enterokinase was successfully used to digest the 6xHIS tag from the recombinant protein since a low signal was seen in Western blot probed with anti-HIS-AP antibody compared to undigested protein (Figure 6C) . Also, migration of the digested protein is distinguishable from the undigested protein in SDS-PAGE with silver stain (Figure 6B; Lane 5) .
The specific enzyme activity of our preparation was determined in both oxidase and dehydrogenase assays as described in materials and methods. Surprisingly, recombinant AtGulLO5 did not exhibit oxidase activity with any of the substrates tested ( Table  2 ). However, it exhibited dehydrogenase activity with L-GulL (specific activity: 4.7 ± 0.3 mU/mg protein) which was not observed with any other substrates tested including L-GalL ( Table 2 ). The characteristic flavin spectrum was absent and the enzyme activity was the same with or without exogenous addition of 100 µM FAD (data not shown). This is similar to the findings with the L-GulL dehydrogenase (GulLDH) enzyme from Mycobacterium tuberculosis [14] .
Enzyme kinetic analysis was performed with L-GulL at a concentration of 5 mM to 400 mM. Kinetic constants were calculated from Michaelis-Menten and Lineweaver-Burk plots (Figure 7A and 7B) . The enzyme obeyed Michaelis-Menten steady-state kinetics with an apparent Km of 33.8 mM and Vmax of 4.5 nmol AsA min -1 mg protein -1 (Kcat = 0.005 s -1 ).
Enzyme activity was inhibited when L-GulL concentration was increased to 400 mM (Figure 7A and  7B) . Leferink et al. [20] reported that AtGLDH activity was highly dependent on the ionic strength of the solution. So, we tested the effect of NaCl on At-GulLO5 activity. In contrast to results by Leferink et al. [20] , AtGulLO5 enzyme activity was inhibited with NaCl at the concentration range tested ( Figure  8A) . Effects of temperature and pH in AtGulLO5 activity were also studied. The activity of the enzyme increased by up to 3-fold when the temperature was changed from 20 o C to 25 o C and the same was true until 35 o C. At 40 o C, the activity increased by at least another 1-fold (Figure 8B) . The enzyme had a higher activity between pH 8.0 and 9.0 compared to lower pH (Figure 8C ).
In planta Function of AtGulLO3 and AtGulLO5 in N. benthamiana Transient Expression System Showed no Significant Increase in Foliar AsA Content
To demonstrate GulLO activity of AtGulLO3 and AtGulLO5 in vivo, a transient expression system uti- [46] to identify two of the enzymes involved in the L-galactose pathway.
First, the baseline AsA content was determined in all healthy leaves of N. benthamiana. Ascorbate content is higher in younger leaves (top; 4.05 ± 0.37 µmol/g FW) and it decreases as the leaves age (bottom; 1.88 ± 0.69 µmol/g FW; Figure 9 ). This pattern of AsA content decreasing as foliar tissue ages has been observed in Arabidopsis [47] but not in rice [48] . Next, AsA content was measured in N. benthamiana leaves, collected 48 h post infiltration in plants expressing AtGulLO3-6xHIS, AtGulLO5-6xHIS, RnGulLO-6xHIS (positive control), or an empty pBIB-Kan vector (negative control), since, 48 h post infiltration has the highest recombinant protein expression (Figure 5) . No significant increase in AsA content was found in the leaves expressing At-GulLO3 or AtGulLO5 constructs, although some increase in AsA was observed in leaves infiltrated with the RnGulLO-6xHIS construct (Figure 10) . From this we learned that the substrate, L-GulL, was likely limiting in the leaves of N. benthamiana plants expressing the AtGulLO constructs.
In order to overcome the speculated substrate limitation, L-GulL or water was fed through the petioles of N. benthamiana leaves transiently expressing AtGulLO3 or AtGulLO5 constructs as described in materials and methods. Second and third leaves shown are means ± SD (n = 5). One-way ANOVA was performed at a 95% confidence interval. Means that do not share a letter were significantly different (P < 0.001). Data are means ± SD (n = 5). One-way ANOVA was performed at a 95% confidence interval and means that do not share a letter were significantly different (P < 0.001). Leaves were fed via petiole as described in materials and methods with 50 mM L-gulono-1,4-lactone or water. Data shown are means ± SD (n = 10). One-way ANOVA was performed at a 95% confidence. Means that do not share a letter were significantly different (P<0.001). Data is representative of three independent experiments having similar results. Panel B, foliar AsA content of N. benthamiana expressing AtGulLO3 constructs, similar to what is described in panel A. Data are means ± SD (n = 3). One-way ANOVA was performed at a 95% confidence interval and means that do not share a letter were significantly different (P < 0.001). Panel A, total, reduced (light grey) and oxidized (dark grey) leaf AsA content of three T2 generation transgenic A. thaliana lines expressing AtGulLO3-6xHIS or empty pBIB-Kan vector. L-Gulono-1,4-lactone (10 mM) or water was fed through leaf petioles as described in "materials and methods". Data are means ± SD (n = 3). One-way ANOVA was performed at a 95% confidence interval and means that do not share a letter were significantly different (P < 0.001). Panel B, foliar AsA content of A. thaliana expressing AtGulLO5 constructs, similar to what is described in panel A. Data are means ± SD (n = 5). One-way ANOVA was performed at a 95% confidence interval and means that do not share a letter were significantly different (P < 0.001).
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(metabolically active) from the top were used for AsA measurement in the feeding experiments for consistency. Ascorbate content was found to be increased in all leaves fed with L-GulL compared to water fed controls ( Figure. 11A and 11B) . However, no distinctive increase in AsA was observed in the leaves expressing AtGulLO3 or AtGulLO5 constructs compared to negative controls (Figure 11A and  11B) . Plants not subjected to infiltration had more AsA in both the substrate and water fed groups.
A. thaliana AtGulLO3 and AtGulLO5 Transgenic Plants Did Not Have Increased Foliar AsA Content
Stable A. thaliana transgenic lines were generated with AtGulLO3-6xHIS or AtGulLO5-6xHIS constructs and seventeen putative AtGulLO3-6xHIS transgenic lines were obtained after growing in selection media and fourteen putative lines were obtained for AtGulLO5-6xHIS. The presence of the At-GulLO3, AtGulLO5 and nptII transgenes was verified by PCR (data not shown). Three lines (L1, L12 and L15), for AtGulLO3-6xHIS, were chosen for further study based on their AtGulLO mRNA expression (data not shown). Two best lines (L6 and L14), for AtGulLO5-6xHIS, were chosen for further study. Next, the progeny of the chosen lines was grown to get a segregating population and AsA precursors were fed through leaf petioles. The foliar AsA content was measured and no significant increase was observed in the transgenic lines compared to negative controls (Figure 12A and 12B) . This observation is similar to that of the previous results obtained in N. benthamiana expressing AtGulLO3 or At-GulLO5 constructs (Figure 11) .
AtGulLO3 Protein Appears to Be Regulated Post-Transcriptionally by Rapid Turnover
In an attempt to understand the reason(s) for not having increased foliar AsA in the transgenic Arabidopsis lines, protein expressions of AtGulLO3 and AtGulLO5 were measured. Western blot performed with the Arabidopsis AtGulLO5-6xHIS transgenic lines (L6 and L14) showed the presence of At-GulLO5-6xHIS protein expression in the lines tested (data not shown).
On the other hand, two plants were sampled at random for each of the two homozygous AtGulLO3-6xHIS Arabidopsis lines, L12 and L15. In contrast to AtGulLO5, no protein expression was found in either of the lines tested for AtGulLO3-6xHIS ( Figure  13B) . However, both the endogenous and transgenic AtGulLO3 transcript expression was found in both L12, L15 and also in the wild type (control) plants by RT-PCR (Figure 13A) . When transiently expressed in N. benthamiana leaves, AtGulLO3-6xHIS protein was found to be slightly expressed at 48 h and no expression was found thereafter up to 96 h ( Figure  5B) . Taken together, our results suggest that At-GulLO3 is short lived when expressed in both transient (N. benthamiana) and stable (A. thaliana) platforms indicating that its expression at protein level is tightly regulated. 
ROS
DISCUSSION
Conversion of L-GulL to AsA has been observed in plants since 1954 [26] (Table 4 ) and corresponding enzyme activity has also been detected in hypocotyl homogenates of kidney beans [31] , cytosolic and mitochondrial fractions of Arabidopsis cell suspension [29] and potato tubers [9, 33] but no enzyme has been characterized in detail until now. Recently, Wheeler et al. [52] proposed that plants have been replaced with the GLDH enzyme instead of a GulLO. However, we argue that plants possess a GulLO enzyme in addition to GLDH because of the many precursor feeding reports (Table 4) , the above-mentioned enzyme activity detection, and the evidence presented in this paper.
We characterized the AtGulLO5 enzyme in detail and calculated its kinetic parameters. The Km and Vmax with L-GulL were found to be 33.8 mM and 4.5 nmol AsA per min per mg protein, respectively. The Michealis-Menten constant for AtGulLO5 appears to be higher, in comparison to the reported values for GulLO isozymes (0.05 mM to 5.5 mM) from rat, goat, chicken, fungi, bacteria and trypanosomes ( Table 3) . However, some isozymes with high Km, similar to our report, have also been documented in Candida albicans, Gluconobacter oxydans and Grifola frondosa ( Table 3 ). The specific activity (4.5 mU/mg; Kcat = 0.005 s -1 ), we observed for At-GulLO5, is lower compared to other reports for isozymes from other species and it could have been increased by another 2-fold if the assay were conducted in 40 o C and pH 9.0 (Figure 8A and 8B) . A specific activity of 66 mU/mg for L-GulL dehydrogenase (GulLDH) from M. tuberculosis was the lowest reported value thus far among all the previous studies of aldonolactone oxidoreducatases [14] .
The reason for the observed low specific activity of AtGulLO5 may be due to the absence of a flavin prosthetic group. A flavin prosthetic group is also absent in M. tuberculosis GulLDH [14] as evidenced in both by the lack of a flavin spectrum and insensitivity of exogenous FAD addition in activity assay, [44] and our unpublished observation, c [20] , d [49] , e [50] , and f [51] .
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even though a histidine is present in the N-terminus FAD-binding domain (Figure 3) . The flavin moiety is involved in the enzyme catalysis as observed by the disappearance of 450 nm peak upon substrate addition in previous reports [12, 16, 20, 51, 59, 60] . Flavoprotein inhibitors such as riboflavin and atebrin inhibited cytochrome activity of cauliflower GLDH but not phenazine activity [16] . Interestingly, M. tuberculosis GulLDH had higher activity when phena-zine methosulfate was used as an electron acceptor similar to the findings of Mapson and Breslow [16] . No flavin prosthetic group is found when aldonolactone oxidoreductases-known to have a covalent FAD but not non-covalent FAD-are expressed recombinantly in E. coli [61, 62] . However, no problem with the attachment of the flavin group was experienced when aldonolactone oxidoreductases were expressed in eukaryotic systems [63] [64] [65] . 
Therefore, AtGulLO5 seems to be an exception to this observation when expressed in a eukaryotic system.
The catalytic efficiency of AtGulLO5 (Kcat = 0.005 s -1 ) is significantly lower compared to that of the other enzymes in the plant AsA pathway such as At-VTC2 (27 s -1 ) and AtVTC5 (13 s -1 ; [66] ). However, it is similar to that of recombinant GME from Arabidopsis (Kcat = 0.007 s -1 ; [9] ). The authors that studied GME proposed that this enzyme needs an effector molecule such as Hsc70.3 for its high catalytic efficiency. Thus, AtGulLO5, similar to GME, may need an effector molecule that is produced during certain conditions, for example, stress and thus may be regulated post-transcriptionally.
On the other hand, AtGulLO3 protein expression is absent in A. thaliana (stable expression; Figure 13B ) and its expression appears only after 48 h postinfiltration in N. benthamiana (transient expression; Figure 5B ). The expression is not found thereafter up to 96 h post-infiltration. These results are indicative of rapid protein turnover. Thus, it seems that both AtGulLO3 and AtGulLO5 are regulated posttranscriptionally, however, by different mechanisms, i.e, an effector molecule may increase the catalytic efficiency of AtGulLO5 while AtGulLO3 may use another mechanism to maintain its stability from proteolytic degradation.
Our attempts to prove in planta enzyme function of AtGulLO3 and AtGulLO5 did not succeed. No increase in foliar AsA content was observed when AtGulLO3 or AtGulLO5 constructs were expressed (Figure 10) . It was presumed that L-GulL availability was limiting in these leaves. Feeding L-GulL to N. benthamiana or A. thaliana leaves expressing At-GulLO3 or AtGulLO5 constructs did not show a distinctive increase in AsA compared to that of empty vector (Figures 11 and 12) . In contrast to our observations, tobacco BY-2 cell suspension cultures overexpressing AtGulLO3 and AtGulLO5 had an increased AsA level after L-GulL feeding suggesting GulLO function in BY-2 cells [34] [34] . Interestingly, the results of Tokunaga et al. [67] and Imai et al. [25] are also contrasting when GLDH was overexpressed in tobacco cell cultures and in tobacco plants, respectively. GLDH over-expression increased AsA levels in BY-2 cells [67] but no increase in foliar AsA levels were found when GLDH was over-expressed in tobacco plants [25] . These observations may be partly attributed to the source material used in our study and in the study of Maruta et al. [34] as was the case observed in studies by Imai et al. [25] and Tokunaga et al. [67] with GLDH over-expression and L-GalL feeding.
The failure to increase AsA in N. benthamiana or A. thaliana leaves indicates that enzyme activity was a limiting factor. The proposed post-transcriptional regulation of AtGulLO3 and AtGulLO5 offers a reason for the limited GulLO enzyme availability. Although the above-mentioned experiments with GLDH and GulLO overexpression did not increase foliar AsA content, the case with GLDH is different than with GulLO. Feeding the same concentration of L-GulL does not amount to the same AsA accumulation as with L-galactose feeding in A. thaliana and N. benthamiana (Figure 14) . This is true in many plant species, where AsA content readily increases upon L-GalL or L-galactose feeding whereas L-GulL feeding does not increase AsA content to the same extent ( Table 4 ). Differential substrate uptake is not the reason for this difference [28, 29] . It is not the case that there is a general increase in carbohydrate pool, which indirectly stimulates AsA synthesis, since radiolabeled L-GulL was directly converted to AsA without any carbon skeleton break or inversion [28, 68] . It should be noted that the GLDH enzyme is very efficient and even a small amount of GLDH activity is enough to catalyze L-GalL to AsA. For example, RNAi tomato plants, with only 30% of wild type GLDH activity, had similar AsA content as wild type [69] . In isotope dilution experiments conducted in pea embryonic axes, it was found that the pool size of L-GalL is very small and its conversion to AsA is very fast indicating the high efficiency of GLDH [30] . The limiting factor for AsA synthesis with GLDH was the substrate, L-GalL (Figure 14 ; Table 4 ). However, considering the abovementioned facts our findings indicate that AsA synthesis is limited by GulLO enzyme availability via L-GulL.
Our results also indicate that the posttranscriptional regulation for AtGulLO3 and At-GulLO5 is present only in whole plants but not in cell cultures. Yabuta et al. [70] have also suggested post-transcriptional regulation of AtGLDH activity in planta, which is not present in cultured cells [67] . Data mined from the Genevestigator depository indicates that the expression of AtGulLO3 and AtGulLO5 in cell cultures is higher compared to leaves (Supplemental Figure 2 ). This also points to the fact that 
the regulation is present in whole plants but not in cell cultures. Interestingly, the previous studies that detected GulLO activity were in hypocotyl [31] , tubers [9, 33] and cell cultures [29] . This is similar to the Genevestigator expression data that shows the abundance of GulLO transcripts in early developmental stages, roots, and cell cultures (Supplemental Figures 1 and 2) . Therefore, in addition to cell cultures, early developmental stage and roots are probably the other conditions where the proposed regulation is not present.
On the other hand, RnGulLO may not undergo such a post-transcriptional regulation as plant GulLOs undergo, because RnGulLO was able to use the available L-GulL pool, as evidenced by an increase in AsA content in several plant species when RnGulLO was overexpressed [21] [22] [23] (Figure 10) . Although RnGulLO can use both L-GalL and L-GulL as substrates [12] , it is conceivable that RnGulLO uses L-GulL for two reasons. First, GLDH is very efficient in using L-GalL [20, 33] and it was only the limitation of L-GalL substrate that prevented GLDH overexpression to increase AsA [25] . Second, RnGulLO successfully rescued vitamin C deficient (vtc1) mutant [71] and the level of L-GalL is reduced in vtc1 mutant [72] . These observations also indicate the limited availability of GulLO enzyme activity to synthesize AsA via L-GulL.
Another interesting result, we obtained, is that At-GulLO5 has an absolute specificity for L-GulL. To our knowledge, this is the first report of a plant enzyme to have such specificity for L-GulL and it supports the earlier suggestion of Baig et al. [28] that a specific enzyme for L-GulL may exist in plants. The substrate specificity of GulLO isozymes is diverse. Plant GLDHs-characterized from different plant species-are strictly specific to L-GalL [16] [17] [18] [19] 32] . Exceptions to this are GLDHs from Arabidopsis [20] , white potato [33] , and a recombinant GLDH of tobacco but not the native [73] , all of which can also ) and are representative of at least three independent experiments. One-way ANOVA was performed at 95% confidence interval and means that do not share a letter were significantly different (P < 0.001).
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use L-GulL at a very low efficiency. Similar to plant GLDHs, protozoan parasites are specific only to L-GalL and/or D-arabinono-1,4-lactone (D-AL) but not to L-GulL [15, 60, 74] . On the other hand, vertebrate enzymes from rat, goat and chicken can utilize both L-GulL and L-GalL as substrates [12, 74, 75] . Similar to vertebrates is the enzyme from Euglena gracilis [76] that uses both L-GulL and L-GalL as substrates. Yeast isozymes can use D-AL in addition to L-GulL and L-GalL [13, 77] . Bacterial GulLDHs are specific to L-GulL and do not use L-GalL as substrate [14, 49] . Interestingly, our phylogenetic analysis shows AtGulLOs, including AtGulLO5 (specific to L-GulL) and GLDHs from plants (specific to L-GalL), in two separate clades (Figure 2B) . However, it is not known if the other AtGulLOs are specific only to L-GulL. RnGulLO, utilizing both L-GulL and L-GalL lies in between the two clades ( Figure  2B) and it would be interesting to test whether At-GulLO3 has similar substrate specificity as RnGulLO. Furthermore, AtGulLO5 and GulLDH of M. tuberculosis [14] -both specific only to L-GulL-have a glycine in the HWXK motif whereas, AtGLDH (specific only to L-GalL) has an alanine (Figure 3) . But it is not known if Ala and Gly in the motif play a role in substrate specificity.
We found AtGuLO5 to be an exclusive dehydrogenase with no oxidase activity ( Table 1) . Similar to AtGulLO5, there are two exclusive dehydrogenases specific to L-GulL-among aldonolactone oxidoreductases-in G. oxydans [49] , M. tuberculosis [14] . Plant GLDHs [17, 20] and E. gracilis GulLDH [76] are also exclusive dehydrogenases but their substrate specificities are different. A gatekeeper amino acid residue was identified in AtGLDH, which determines whether the oxidoreductase is a dehydrogenase or an oxidase. It was found that glycine or proline can be present in oxidases while an alanine is present in dehydrogenases with some exceptions ( [78] , Figure 3) . Although, AtGulLO5 and M. tuberculosis contain a proline and a glycine, respectively (Figure 3) , they do not possess oxidase activity. This may be due to the absence of a flavin prosthetic group. The GulLO isozymes in animals, yeast and fungi are oxidases and in addition, they also possess dehydrogenase activity ( Table 3) .
AtGulLO5 is localized in the cell wall ( [44] and our unpublished observation), similar to that of GulLDH in M. tuberculosis [14, 50] . The GulLDH of E. gracilis is localized in both mitochondria and cy-tosol [75] . Mammalian GulLOs are localized in the microsomes, protozoan isozymes are localized in glycosomes, while yeast and plant isozymes are localized in mitochondria ( Table 3) .
Microarray data from Genevestigator database together with our PCR amplification experiment (data not shown) showed that AtGulLO5 is abundantly expressed in roots (Supplemental Figure 2) . However, Franceschi and Tarlyn [79] found very low level of AsA synthesis with L-GalL feeding in roots of Medicago sativa, suggesting that the L-galactose pathway is not operational in the roots of M. sativa and the alternate pathway using L-GulL may be operational in roots. It would be interesting to characterize At-GulLO2, the next best expressed candidate in roots (Supplemental Figure 3) .
Gene expression data from Genevestigator suggest that AsA synthesis through AtGLDH appears to be constitutive and not inducible, while the L-gulose and myo-inositol routes to ascorbate involving At-GulLO may be operational only under specific developmental stages such as the early developmental stage (Supplemental Figure 1) . It may also be operational in specific parts of the plants such as roots (Supplemental Figure 2) and is induced upon certain stimuli such as hormones, germination, callus formation, plant development, nematode attack and some abiotic stresses (Supplemental Figure 3B) . It is interesting to note that MIOX transcripts have been reported to be induced upon certain stimuli such as anoxia [80] , syncytia [81] , low nutrients [82] , and zinc deficiency [83] . In addition, increases in MIOX transcripts have been observed, with an associated increase in AsA, during ripening in strawberry [84] and at the first stages of development in citrus fruits [85] . Wolucka et al. [86] have also reported the induction of AtGulLO2 and GME transcripts when Arabidopsis cell suspensions were treated with methyl jasmonate suggesting the inducible nature of the Lgulose route.
CONCLUSIONS
In conclusion, we characterized two members of the Arabidopsis AtGulLO family, AtGulLO3 and At-GulLO5. Our detailed characterization of AtGulLO5 showed that it has an absolute specificity for L-GulL differing from the plant GLDHs that are highly specific to L-GalL and mammalian GulLOs that use
